Integrin α 4 β 1 is a receptor for vascular cell adhesion molecule-1 (VCAM-1) and fibronectin. It is important in lymphopoiesis, inflammatory recruitment of leukocytes and other situations that require cell adhesion to the vascular endothelium. The avidity of the cells expressing α 4 β 1 integrin can be rapidly changed by chemokines and chemoattractants. Different mechanisms, including changes in the number of interacting molecules due to the alteration of the receptor topology or changes in the affinity of the individual bonds, have been proposed to explain the nature of these fast changes in avidity. Recently we described a fluorescent LDVcontaining small molecule, which we used to monitor the affinity changes on live cells in real time (Chigaev, A., Blenc, A. M., Braaten, J. V., Kumaraswamy, N., Kepley, C. L., Andrews, R. 
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Here we show that the affinity of the small molecule probe as well as the native ligand VCAM-1 varies in parallel when the integrin is modulated with divalent cations and that the affinity modulation leads to the changes in cell avidity. Using formyl peptide receptortransfected U937 cells, we further show that the time course of avidity changes in response to the receptor activation coincides with the time course of the affinity changes. Taken together, these data are consistent with the idea that affinity regulation is a major factor that governs the avidity of cell adhesion mediated by the α 4 -integrin.
Introduction
Cell adhesion to the vascular endothelium is important for inflammation, hemostasis, cancer cell metastasis and host-parasite interaction. Integrins and their counterstructures, the cell adhesion molecules (VCAM-1 and ICAMs 1 ), together with selectins and their counterstructures (cellular mucins) determine the cell adhesive properties in these processes (1) . The adhesion between endothelial cells and leukocytes is regulated by changes in the number of interacting adhesion molecules due to the difference in the expression level, molecular trafficking and/or internalization, changes in topographical distribution due to clustering, dimerization and other forms of molecular assembly as well as changes in affinity of the individual molecules to their counterstructures (2-7). α 4 β 1 -integrin (VLA-4, very late antigen-4, CD49d/CD29) is one of the integrins that can mediate initial capture, rolling and firm cell attachment to the endothelial cells (8;9) . VLA-4 is expressed on several classes of blood cells. It mediates binding to the CS-1 domain of fibronectin and to the vascular cell adhesion molecule 1 (VCAM-1), an immunoglobulin superfamily member induced by cytokines on endothelium (10;11) . α 4 β 1 -integrin adhesive properties can be modulated by cytokines and chemokines but the mechanism controlling the regulation of integrin avidity is poorly understood. In particular, it has been suggested that the changes in VLA-4 dependent adhesion are due either to the clustering of the integrin or its conformational state. It is also possible that receptor clustering controls the tethering and rolling interactions of the low affinity resting receptor, whereas firm attachment and arrest is associated with receptor activation and affinity change (2;12) . Recently, we found that the changes in VLA-4 affinity can be detected using an LDV-FITC containing small molecule on leukocytes in real time and in a physiologically relevant time frame. We confirmed that VLA-4 exhibited multiple affinity states HSA. U937 cells were used at a density of 1 X 10 6 cells/ml, which corresponds to 0.08 nM VLA-4 (50,000 sites per cell). Incubations have been performed for short times at 37 o C and overnight on ice with qualitatively similar results. As the equilibration time of high affinity small molecules typically depends on their dissociation rate, we found it experimentally convenient to perform overnight incubations. It was not necessary to introduce a wash step between cell incubation and analysis LDV-FITC containing small molecule as the flow cytometer intrinsically discriminates free and bound ligand to tens of nanomolar concentration (see (21) and references contained therein). The signal to background ratio was usually 4-6:1 (see Fig. 2 in (13)). For the kinetic modeling, we used the following system of equations:
The kinetics of small molecule binding in absence of the competitor was fitted using the off rates (k -1 ), determined in the kinetic off rate experiment for each affinity state (see Table 1 , and Fig.1B, C) . Association rate constants (k 1 ) were calculated from Eq. 1a as a ratio between k -1 and K dL , determined in the equilibrium binding experiments (see Table 1 , and Fig.1A ). Kinetic data from the competitive binding experiment were fitted using on rates (k 1 ) and off rates (k -1 ), determined in the absence of the competitor. Since the K d of the competitor was determined from equilibrium competition, Fig. 2C , k 2 and k -2 were over-determined and could uniquely fit the Simulations were done using Maple 6 software by Waterloo Maple Inc.
Cell Adhesion Assay. The cell suspension adhesion assay was described previously (19) .
Briefly, U937 cells were labeled with red fluorescent hydroethidine (Molecular Probes, Inc., Eugene, OR) and B78H1/VCAM-1 (or CHO/VCAM-1) transfectants were stained with green 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester (Molecular Probes, Inc., Eugene, OR).
Labeled cells were washed, resuspended in HEPES buffer (110 mM NaCl, 10 mM KCl, 1 mM Tris (50 mM) and 0.5 µg of the protein was resolved on SDS PAGE gel in reducing (10 %) and nonreducing (7.5 %) conditions. Gels were stained using Gelcode Blue Stain Reagent (Pierce, Rockford, IL).
Results

Affinity States of Integrin Can Be Detected Using the LDV containing Small
Molecule. Using conditions described by others (8;25) , different affinity states of the α 4 β 1 -integrin on U937 cells were generated using three concentrations of Ca . Using a small fluorescent ligand, we were able to detect different affinities in an equilibrium binding assay as well as in a dissociation experiment (Fig. 1, Table 1 ) under homogeneous assay conditions based on flow cytometry (26) . As shown previously (13) , the ligand dissociation rates (Fig. 1B) varied with the K d s (Fig. 1A ) determined in equilibrium binding experiments. The calculated binding association rate constants (k 1 ) were largely independent of the affinity state of the receptor (Table 1) . Using this approach we were able to generate more than two orders of magnitude difference in α 4 β 1 -integrin affinity with regard to the LDV-FITC containing small molecule.
Recombinant Soluble VCAM-1 Parallels Behavior of the LDV-FITC Containing
Small Molecule. Next, we evaluated the behavior of the natural α 4 β 1 -integrin ligand VCAM-1 using FITC-labeled rhVCAM-1 in direct binding experiments. In equilibrium binding experiments, we were able to obtain the K d for three affinity states ( Fig. 2A) . The dissociation constants (K d s) for rhVCAM-FITC and the LDV-FITC containing small molecule varied by about two orders of magnitude (Tables 1 and 2 ), the small molecule having the higher affinity.
And there is a strong positive correlation between the dissociation constants for LDV-FITC and dissociation constants for rhVCAM-FITC (r 2 =0.99, Table 1 and 2 ). In addition, we used rhVCAM-FITC to determine the dissociation rates for VCAM-1 (k -2 , Fig. 2B , Table 2 ). As in the case of the LDV-FITC containing small molecule, the off rate constants varied with different affinity states, the small molecule having the slower dissociation. We were unable to determine the kinetic constants for the lowest affinity state (1 mM Ca 2+ ) because of the low rhVCAM-1 binding to the lowest affinity integrin.
To verify that VCAM-FITC behaved like the native ligand, we have also performed competitive equilibrium (Fig. 2C) and kinetic experiments (Fig. 2D) using the LDV-FITC containing small molecule as a ligand and non-labeled rhVCAM-1 as a competitor. The kinetic competitive experiment was designed using three protocols: binding, direct competition and displacement as described in (24) . Figure 2D shows an experiment in which VLA-4 sites of different affinity created by divalent cations were filled with 1 µM rhVCAM-1, well above the K d for each condition. When the cells were diluted 100 fold into 5 nM LDV-FITC containing small molecule (well below the rhVCAM-1 K d for each), the association kinetics depends on the dissociation of the rhVCAM-1. Thus, as the rhVCAM-1 affinity decreases, the rate of small molecule association increases to the point that for the lowest affinity shown, the kinetics are essentially identical to those observed in the absence of rhVCAM-1. Quantitatively the kinetic constants determined in competition experiments were similar to the constants obtained in direct binding and dissociation experiments with VCAM-FITC ( Table 2 , data in parentheses). Thus, the labeling of the rhVCAM-1 does not change its binding and dissociation properties. The overall comparison of the kinetic constants obtained in equilibrium and dissociation experiments (Table   1 and 2) leads us to conclude that the affinity states of the α 4 -integrin can be recognized in a comparable way by the natural α 4 β 1 -integrin ligand VCAM-1 and the LDV-containing ligand.
Kinetics of Cell Aggregation and Disaggregation between VCAM-1 and VLA-4
Expressing Cells Reflects Changes in VLA-4 Affinity. The specificity of cell aggregation was tested using anti-α 4 -integrin mAb (HP2/1) (Fig. 3) . The mAb blocked the adhesion of CHO/VCAM-1 and B78HI/VCAM-1 transfected cells to U937 cells down to the basal level, determined as adhesion in the absence of divalent cations or adhesion to nontransfected CHO or B78H1 cells (see Fig. 4A ). In real-time kinetic aggregation experiments, the cell aggregation and disaggregation curves of B78HI/VCAM-1 ( Fig. 3A and 3B) were comparable to the LDV-FITC containing small molecule and the rhVCAM-1 binding and dissociation data (Figs. 1 and 2 ). We find a nearly linear correlation between the off rates for the LDV-FITC ligand (Fig. 3C, Tables 1   and 3 ) or rhVCAM-1 and the cell disaggregation rates (data not shown). In Fig. 3C we include a point corresponding to the physiologically activated receptor state (fMLFF activated ∆ST U937 cells) as described below. The percent of cell aggregates after 4 min of stirring was also strongly dependent on the binding affinity (Table 3 , Fig. 3A and B) . These data suggest quantitatively that the changes in avidity are accounted for by changes in affinity.
Affinity Changes and Cell Adhesion in Response to Chemokine Activation.
Previously we showed that the changes in VLA-4 affinity could be rapidly and transiently induced by cell stimulation through chemokine receptors using different chemokines (13) . Here, we used the formyl peptide receptor to show that affinity changes affect cell adhesion in a physiologically relevant time scale. U937 cells, transfected with the nondesensitizing mutant of the human formyl peptide receptor (∆ST that lacks serines and threonines in the tail) (17), were stimulated with the ligand fMLFF. As was shown before, the integrin activation peaked 2-3 minutes after the fMLFF addition (13). We were able to detect the change in adhesion within seconds after addition of the stimulus (Fig. 4A) . The time course of avidity changes in response to the receptor activation coincides with the time course of the affinity changes (compare Fig. 4A here with Fig. 4B in (13) ). We also found that the cell adhesion stabilized over time and revealed three levels of the cell adhesion corresponding to distinct affinity states: 1) resting receptor, 2) fMLFF stimulated cells, and 3) Mn 2+ stimulated cells (Fig. 4A) . To characterize the avidity of (Fig. 4B) . The slower disaggregation rate corresponds to the slower rate of bond dissociation of the higher VLA-4 affinity state. Therefore, inside out signaling rapidly modulates the α 4 -integrin affinity and the cell adhesive properties (avidity) track this affinity change.
Shear Stress Affects the Cell Disaggregation. The cell disaggregation rate was dependent on the rate of the cell suspension stirring (see Fig. 3A and B) presumably generating different shear stresses in the cell suspension. As shown for other adhesion molecules (P-selectin and PSGL-1) the kinetics of bond dissociation is a function of shear stress and the corresponding force on the bond (27). To verify whether the same relationship can be observed for VLA-4-VCAM-1 bonds, we performed a cell disaggregation experiment under defined shear stress ( Fig.   5A ) (see Shear Stress Experiments). We observed that the cell dissociation rate was strongly dependent on the shear stress. We plotted the half-life of the cell aggregate stability as a function of shear stress (Fig. 5B) . As observed previously (27), a one phase exponential model reasonably well describes this relationship.
Soluble VCAM-1 Does Not Oligomerize in Solution. Two adhesion receptors closely related to VCAM-1, ICAM-1 and MadCAM-1, exist as dimers or higher order multimers on a cell surface (28) (29) (30) . It was shown that dimerization enhances the binding of ICAM-1 to LFA-1 integrin, but that ICAM-1 monomer rather than dimer represents the complete "fully competent" binding surface (31;32). Therefore, it was essential to test whether the binding observed in our experiments corresponds to a monomeric soluble protein or to higher order protein aggregates. rhVCAM and rhVCAM-FITC proteins used in the binding experiments were subjected to gel filtration chromatography (Fig.6A) . For both proteins, only a single peak with no trace of multimers was detected. Thus, the labeling of the rhVCAM protein with 5-(and-6-)-carboxyfluorescein, succinimidyl ester did not significantly affect the properties of the protein. Affinity Measurements. Using the LDV-FITC containing small molecule, we observed that divalent cations could regulate ligand affinity and dissociation rate by several orders of magnitude. While the sets of ionic conditions are slightly different than those used previously, the results are concordant with earlier reports (13-15). As previously shown, most of the variation in the affinity arose from changes in the dissociation, typical of a situation where the conformation of the integrin binding pocket controls the duration of ligand residence. However, when we applied the assumption that site number in the different ionic conditions would be constant, an apparently smaller association rate was calculated for the resting receptor ( Figure 1 and Table 1 ). We did not further explore the possibility that a bent conformation of a resting integrin, either isolated (36) or on cells (13) , could contribute to the apparent lower association rate of a small molecule.
To examine the equilibrium and kinetic features of the native ligand, we used both direct and competitive fluorescence methods that we believe represent the first measurements for soluble monomeric VCAM-1 binding to living cells. These measurements deserve comment.
Because of the low affinity of the VCAM-1 and its high off rates, direct measurements of affinity were limited. The low affinity meant that flow cytometry could not discriminate easily between free and bound ligand at high ligand concentration (several hundred nanomolar) in a homogeneous assay and that binding information would be lost in the wash step ( (21) Figure 3C ) could result from the complexity of the experimental conditions. This could include at least two factors: 1) the aggregates are not limited to interactions between only two cells; and 2) each affinity state may exhibit a unique dependence on shear (as in Figure 5 ) that is not captured in the qualitative aspects of Figure 3A . We will show elsewhere that conditions can be defined that quantitatively relate molecular monovalent dissociation rates and cellular disaggregation rates. A detailed analysis of these latter results is consistent with the idea that the number of adhesion molecules involved in cell-to-cell adhesion is not strongly dependent on the affinity state of integrins (Zwartz and Sklar, unpublished data 2 ).
Physiological aspects of affinity regulation. We have previously reported that the α 4 -integrin undergoes a rapid affinity increase of 6-10 fold for the LDV containing small molecule in response to chemoattractant stimulation (13) . Both the rapidity of the onset of adhesion following chemoattractant and the stability of the adhering cells are consistent with the rate and magnitude of the avidity change. In addition, the cell disaggregation rate for cation and chemoattractant induced affinity changes was affected by shear stress generated by stir bar or by parallel plate viscometer.
The specific recruitment of leukocytes to tissue is initiated by a weak, rolling attachment followed by an integrin dependent firm arrest involving endothelial chemokines as activators of by guest on November 17, 2017 http://www.jbc.org/ Downloaded from leukocyte arrest (41) (42) (43) (44) . Fast chemokine signaling has been reported to produce an avidity change of VLA-4 occurring without an alteration of integrin affinity (2), or with an affinity change (35;45) . When VLA-4 serves as a rolling receptor in vitro and in vivo using the resting (low affinity) state (46) (47) (48) (49) , the rapid VCAM-1 off rates would allow the rapid bond formation and release necessary for the rolling motion (as for selectins). The activation of leukocytes mediated by chemokines modulates the affinity and would lead to firm attachment. These current studies, using both divalent cations and chemokine receptor transfectants, show parallels in affinity (for both natural and small molecule ligands) measured by ligand dissociation and avidity measured by cell disaggregation rate. While the results, taken together with previous findings, do not unequivocally negate a role for chemokine induced topographical reorganization of the integrin, they are consistent with the idea that affinity regulation can be a major factor governing the avidity of cell adhesion mediated by the α 4 -integrin. The Protocol III -displacement -as described in (24) is shown. The U937 cell suspension (10 estimated using the Berkeley Madonna™ package as described in Analysis and Simulation of Binding Experiments. Calculated rate constants are presented in Table 2 . (Table 1 ) and cell disaggregation rates at 300 RPM (Table 3) for five different affinity states of VLA-4. The 95% prediction interval is shown. The off-rate for the LDV-FITC containing small molecule for formyl peptide stimulated U937 ∆ST cells was published previously (see Table 2 in (13)).
Because the formyl peptide receptor mutant does not desensitize, VLA-4 remains in a state of constant affinity. Obtained in real-time aggregation experiments at 300 RPM (Fig. 4B) .
by guest on November 17, 2017
